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for relieving GB stress concentration.
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Dislocation interactiona b s t r a c t
Stress formation of monocrystals and bicrystals is investigated in specific oriented grains and grain
boundaries of AA2024 alloy by using Crystal Plasticity Finite Element Method (CPFEM). The simulations
show that the maximum Schmid factor (SF) value and the number of equivalent initial slip system (EISS)
play a principal role in controlling the magnitude of internal stress within monocrystals. For bicrystal
model, Goss and Cube grains are not the best ones for relieving stress concentration caused by their ori-
entations, but they are the best ones for relieving grain boundary (GB) stress concentration. To this end,
the dependence relations are discussed between GB stress and an advanced comprehensive factor com-
bining SF, and geometry compatibility factor for 5 independent slip systems. It is found that this proposed
comprehensive factor considering the contribution from 5 to independent slip systems effectively
improves its dependence on GB stress.
 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction induced by grain orientation are two important factors that exertFrom the aspect of texture effect on fatigue resistance of Al-Cu-
Mg alloy, grain boundary (GB) character and stress formationgreat influence on fatigue resistance. Recently, Liu and Li et al.
[1–3] revealed that due to the large twist angle boundary between
Goss grain and other oriented grains, Goss grains were thereby able
to facilitate crack deflection. Interestingly, it was also observed
that even with large twist angle between Brass and other oriented
grains, Brass grain still showed little resistance to crack propaga-
tion during fatigue test. This phenomenon uncovers that the
fatigue resistance is also closely related to the stress formation
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tions. To the best of our knowledge, due to the orientation differ-
ence in each grain, the resolved shear stress would be different
as well, which would result in different plastic slip and stress evo-
lution in each crystal, and stress concentration at GBs. It was
reported in Ref. [1] that the bad fatigue resistance for Brass was
principally contributed to the high stress formation within Brass
grains. This makes Brass grains having poor capability in relieving
stress concentration caused by cycle loading. Besides, high stress is
usually formed at GBs that often are regarded as original sites for
fatigue cracks. Bieler et al. [4] found by experimental methods that
‘‘good” vs. ‘‘bad” GBs were often invoked as the significant reasons
for critical damage nucleation. In essence, GB is considered as a
bridge that connects neighboring grains. Even though GBs are often
regarded as a barrier that could block dislocation movements, this
blocking effects only occur at the initial stages of plastic deforma-
tion. When the microtraction reaches a yield threshold for GB, dis-
location slipping in one grain could run through this GB to interact
with another grain [5]. How one grain interacts with its neighbor-
ing grains will affect the magnitude of stress or stress concentra-
tion. Therefore, a better understanding of grain interactions and
GB behavior is the key to improve the fatigue property including
crack initiation and propagation.
However up to now, there is still a lack in experimental and
numerical evidences for the capability of different orientations in
relieving stress formation and concentration in aluminum alloys.
There are some reports for hexagonal close-packed (HCP) metals
about how grains interact with each other [6,7]. Luster et al. [6]
first defined a geometric compatibility factor to describe GB defor-
mation in Ti-Al alloys. This factor only considered the contribution
from active slip planes normal and slip directions for two neigh-
boring grains. Recently, Sun et al. [7] proposed a new factor to
measure strain accommodation around GB interface in magnesium
alloys by experimental methods. Comparatively, this new factor
not only considers the contribution from geometric compatibility
factor, but also Schmid factor (SF). However, the primary deforma-
tion modes in HCP metals are the basal slip and {10–12} tension
twin [8]. As we know, there are only 3 slip systems in HCP metals,
but there are 12 slip systems in face-centered cubic (FCC) alu-
minum alloys. As well known, the number of slip system plays
an important role in affecting grain deformation behavior and cor-
responding grain interaction. Therefore, the mechanism about
grain interactions in HCP metals cannot fully provide guidance
for interaction mechanism in FCC aluminum alloys. There are some
literatures about grain or GB deformation behavior in aluminum
alloys [9–11]. In 2002, Sachtleber et al. [9] found by an experimen-
tal approach that grain-scale strain was heterogeneous in alu-
minum during plastic deformation. They reported that the strain
pattern during plane strain compression was strongly determined
by the orientation dependence of the kinematic hardness of the
individual grains. Similarly, by an experimental investigation in
Al-0.5%Mg multicrystal, Zhang et al. [10] found that this alloy
obeyed neither the Sachs nor the Taylor polycrystal deformation
models, but deformed in a heterogeneous way to favor easy slip
transmission and accommodation among the grains. Besides, by
the in-situ Electron Back-Scattered Diffraction (EBSD) investigation
in aluminum alloy, Chen et al. [11] revealed that the grains rotated
gradually with increasing strain during tensile deformation, and
the rotation behavior could be adequately described by the activa-
tion of two slip systems corresponding to the maximum and sec-
ond maximum SFs. From the above review, it is clear that the
deformation behavior within grains or at GBs in aluminum alloys
is far different from HCP metals. Multi-slipping is the main feature
in aluminum alloys and the corresponding grain or GB deformation
mechanisms are influenced by SF, the number of slip system, and
grain orientations.2
There are two main numerical methods for investigating plas-
ticity deformation behavior of crystal, namely Molecular Dynamics
(MD) and Crystal Plasticity Finite Element Method (CPFEM). To our
best knowledge, MD is suitable for analyzing the physical move-
ments of atoms and molecules, and plays an important role in
revealing the micro-mechanism of plasticity deformation behavior
of crystals [12,13]. However, the calculation size of MD is very
small, usually in the level of nanometer. As a result, MD is difficult
to provide relatively accurate prediction for the macroscale exper-
imental results of mechanical properties, such as strength and fati-
gue of materials. Comparatively, CPFEM is an extremely versatile
tool for describing the mechanical response of crystalline materials
on all length scales from single crystals to engineering parts. The
research value of the present work is to provide guidelines for
how to improve macroscale fatigue property of AA2024 from the
aspect of stress formation. Therefore, CPFEM is adopted to investi-
gate stress formation behavior in present work. Up to now, CPFEM
technique has been used extensively in order to predict the evolu-
tion of grain orientation during deformation [14–16] as well as the
in-grain heterogeneity of plastic strain [17–19] and the resulting
lattice orientation spreads [20–22]. In CPFEM, one important topic
is about grain or GB interaction. Some grain or GB interaction mod-
ellings based on dislocation interactions have been built up [23–
26]. In those CPFEM models, it is generally accepted that GB is
regarded as a perfectly sharp interface. In other words, GB pos-
sesses zero thickness and no relative displacement is allowed
across GB. As a result, the physical properties including elastic
modulus tensor and slip direction alter abruptly across GB. To this
day, CPFEM has only seldom been used to predict the dependence
of stress formation associated to a given texture or GB, and the
related research is unavailable. Recently, Cheng et al. [27] have
demonstrated by a two-dimensional CPFEM on polycrystalline
copper that texture orientation has a stronger dependence on GB
sliding than stress exponent, and the stress concentration at GBs
caused by GB sliding also induces a redistribution of stress in the
grain interior. This also reveals that the bridge factors between
GB stress formation and grain orientation are essentially correlated
to dislocation slipping. But still, there lacks a systematical investi-
gation about the relationship between stress formation at GBs and
dislocation slipping-related impact factors. To the best of our
knowledge, the stress formation within grain or at GB is a key for
controlling fatigue crack initiation and propagation. In 2xxx series
aluminum alloys, main textures include Goss, Cube, Brass, Copper,
S and random components, and by combining any two of them
there is a lot of GB types [28,29]. A systematical understanding
of grain interactions at different orientation combination by using
CPFEM will be very useful for understanding the fatigue mecha-
nisms dominated by the effect of grain orientation.
In view of limited numerical studies on the dependence of
stress formation associated to a given texture or GB, this study pre-
sents a dislocation-based constitutive monocrystal and bicrystal
model to investigate grain orientation effect on stress formation
within monocrystal and at GB. This paper is organized as follows.
In Section 2, the constitutive frameworks of monocrystal and
bicrystal model used in this study are outlined for a typical Al-
Cu-Mg alloy (AA2024). In Section 3.1, stress formation with
monocrystal is investigated based on the Schmid factor (SF) differ-
ence. In Section 3.2, stress formation at GB is comparatively inves-
tigated by correlating its original stress at corresponding
monocrystals. Finally, In Section 3.3, the dependence relations
are discussed between GB stress and corresponding correlation
factors, such as geometric compatibility factor, comprehensive fac-
tor, and an advanced comprehensive factor combining SF, and
geometry compatibility factor for 5 independent slip systems. Spe-
cially, considering the important role played by Goss and Cube
grains in improving fatigue resistance of AA2024, the main focus
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stress formation on Goss and Cube monocrystals, and Goss-
participated and Cube-participated GBs.2. Numerical procedures
2.1. Finite element models
Firstly, a monocrystal model as shown in Fig. 1 is used for the
stress simulations under the action of tensile loading. According
to our previous research [30], Goss and Cube are the preferred ori-
entations, and their size can reach 1 mm at most. But the sizes of
Goss and Cube are mainly located at the range of 100 to 300 lm.
Therefore, the monocrystal size is set to 250  200  5 lm. When
the load direction is parallel to rolling direction, the length is
250 lm in rolling direction (RD), the width is 200 lm in transverse
direction (TD), and the thickness is 5 lm in normal direction (ND)
vertical to RD-TD plane (Fig. 1). In this case, the boundary of crystal
at one side is fixed, where the displacement in x, y and z are set into
0. At another side, an increase of 3% displacement parallel to RD is
employed, and at the same time the displacements in y and z direc-
tions are fixed. This fixation in the y and z directions will effectively
compel the other slip systems with low SF to be activated during
3% strain (e). It is worthy to note that this 3% deformation can guar-
antee the activation of all 12 slip systems for all grain orientations.
All meshes make use of C3D8 element type and are in the shape of
5  5  5 lm cube. In order to fully investigate the effect of load
direction, the loading at traverse direction (TD) is also employed.
When the load direction is parallel to TD, then the model length
in TD is 250 lm, and other parameters are all the same as in RD.
The strain rate ( _e) for monocrystal simulations is 3  102 s1,
and simulation temperature is a constant at 25 C. Beside for any
given orientations, the comprehensive pole figures collected from
all nodes of model are obtained before and after deformation using
texture analysis software Mtex. The relative details about Mtex
software can be found in Refs. [31,32].
Furthermore, a bicrystal model as shown in Fig. 2a is also used
to simulate the stress formation at grain boundary (GB). In this
model, the different color represents different oriented crystal.
The size of bicrystal model consisted by grains a and b is set to
350  200  5 lm, and the GB is making an angle of 60with load-
ing direction. When the load direction is parallel to rolling direc-
tion, the length in RD is 350 lm, as shown in Fig. 2a. In this case,
the boundary of bicrystal at one side is fixed, where the displace-
ments in x, y and z are set into 0. At another side, a 3% displacement
parallel to RD is employed, and simultaneously the displacements
in y and z direction are fixed. Also, similar with monocrystal model,Fig. 1. The model for monocrystal.
3
the C3D8-element mesh is employed for this bicrystal model (the
corresponding grain interaction conditions at boundary are pre-
sented in Section 2.2). The strain rate for all bicrystal simulations
is 3  102 s1, and simulation temperature is a constant at
25 C. By considering the strong dislocation interaction at GB, the
mesh size gradually decreases by decreasing the distance to GB
in order to obtain accurate simulation results. A high magnification
at GB is shown in Fig. 2b, and after deformation the corresponding
stress formation at different node along the red line can be col-
lected. Considering in the field of Extended Finite Element Method
(XFEM), the Maximum Principal Stress (MAXPS) criterion is widely
used for predicting crack initiation or propagation in Al alloys. It is
assumed that crack initiation or propagation will begin when the
largest principal stress reaches a specified certain value [33,34].
Although, the use of MAXPS criterion results in certain errors with
real experimental results, it anyway indicates that the magnitude
of stress is a key parameter affecting fatigue crack initiation or
propagation. Therefore, we will focus in the present work to eval-
uate stress dependence on grain orientation and GB type. From our
previous research [30], it was found that Goss grain mainly grew
into Brass grain. Cube grain could mainly grow into S and also into
Brass and Copper at specific temperature range. However, some
portion of Brass, Copper and S could always retain after recrystal-
lization. Therefore, the main considered boundaries in the present
bicrystal model are Goss-Brass, Cube-S, Cube-Brass and Cube-
Copper types. Also, it should be noted that although Goss grain
cannot grow into Copper and S grains, Goss-Copper and Goss-S
boundaries are also present when Goss grain consumes Brass grain
and then comes across Copper and S grains. In addition, random
grains could also grow into Brass, Copper and S grains during
recrystallization, and correspondingly the boundaries between
random grains and deformed grains (Brass, Copper and S) are also
considered. In the present work, 10 random grains are chosen, and
their crystal space orientations can be found in Fig. 2c. The {110}
and {111} pole figures for these 10 random grains are shown in
Fig. 2d. It can be seen that the orientation distribution is relatively
homogeneous in the stereographic projection, which indicates that
the present 10 random grains contain relatively possible all other
positions except specific orientations in Euler space.
2.2. Crystal plasticity model
In present simulation, the constitutive laws for monocrystal and
bicrystal are elaborated in details as follows. For monocrystal,
based on the theory of crystal plasticity, the deformation gradient




where, X and x represent the crystal position of space configuration
before and after deformation, respectively. As shown in Fig. 3, the
deformation gradient tensor F can be decomposed into elastic and
plastic components, Fe and Fp, respectively. The elastic part Fe com-
prises the small lattice deformation and possibly large rigid body
rotation. The plastic part Fp corresponds to the isoclinic and
stress-free intermediate configuration, in which the crystallo-
graphic lattice is unaltered and unrotated with respect to the refer-
ence configuration. Specifically, we use L to represent the total







¼ _FF1 ¼ _FeFe1 þ Fe  ð _FpFp1Þ  Fe1
¼ LeþFe  LpFe1 ð2Þ
where, Le is elastic velocity gradient and Lp is plastic velocity gradi-
ent. Besides, based on the generalized Hooke’s law [37], the rela-
Fig. 2. The bicrystal model for AA2024 alloy: (a) the model details, (b) a high magnification at grain boundary, (c) 10 random oriented grains and (d) the pole figure for those
10 random grains.
Fig. 3. Multiplicative decomposition of the deformation gradient tensor.
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Green-Lagrange strain tensor E can be expressed as:
S ¼ C : E ð3Þ




ðFeTFe  IÞ ð4Þ
In which, Fe
T is the transpose of Fe, and I is the identity tensor.
Relating the elastic deformation gradient tensor (Fe) with slip sys-
tem, the evolution of the elastic deformation part can be expressed
as:
Table 1
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na ¼ n0a  Fe1 ð6Þ
where,s0ais the original unit vector along ath slip direction, and n0a
is the original unit vector along the normal direction of ath slip
plane. For the part of plasticity, Lpcan be written as:




a s0a  n0að Þ ð7Þ
where _cs
a is the shear strain rate on ath slip direction, and Ns is the
total number of slip systems. The material investigated is a standard
AA2024-T3 alloy. According to Refs. [3,38], only {111} h110i slip
system can be activated at room temperature deformation for
2xxx series Al alloys. Therefore, only {111} h110i slip system is
considered in the present simulation and the value of Nsis 12.
Besides, the symbol  represents tensor product. For example, giv-
ings0a = [u0av0aw0a] andn0a = [h0ak0al0a, then the s0a  n0a can be
calculated as:














Based on dislocation theory, the shear strain rate _cs
a or shear
rate on the ath slip system can be modeled using a classic rate-





 nsgn sa  vað Þ; if saj j  sca
0; if saj j < sca
8<
: ð9Þ
where, _c0 is the reference shear rate, and sa is the resolved shear
stress that can be written as:
sa ¼ r : sa  nað Þ ð10Þ
where, ris Cauchy stress tensor. Essentially, slip systems are related
to dislocation movement. Therefore, the resolved shear stress (sa)
can also be further written as a function of dislocation densities







where l is the shear modulus, and b is the magnitude of Burger vec-
tor. aab is a component of the dislocation interaction matrix coeffi-
cient, which gives the interaction between slip systems (a) and (b).
If a equals to b, aab is set to 0.2 in the present work; if a does not
equal to b, it is set to 0.35 [42]. q represents the total dislocation
densities caused by one specific slip system, and will evolve with
the course of deformation. The evolution of these dislocation densi-















where K is the material parameter, and yc is a physical parameter
that describes the annihilation distance of dislocations. If two dislo-
cations of same slip system (a) cross themselves at a distance smal-
ler than yc , then they can annihilate together. In Eq. (9), sca is
Critical Resolved Shear Stress (CRSS) or slip resistance that can be
expressed using a Voce law [44]:






where s0a, s0a þ s1a, b1a are the initial slip resistance, the saturated
slip resistance and initial hardening rate, respectively. Csis total
accumulated shear strain.
Besides, the time derivative of scarepresents the hardening of
CRSS, and correspondingly it can be calculated as:
sc
_ a ¼ dsc
a
dt

















Besides, the time derivative of Cs is actually the sum of shear










where qab is the hardening matrix coefficient considering the effect
of the slip system b over the slip system a. When a equals to b, qab is
set to 1, and when a does not equal to b, it is set to 1.4 [45]. So, the
time derivative of scacan be further written as:
sc











Based on the Schmid criterion, we should also understand that
the ath slip system will be activated as long as sa is equal to or
more than sca. This will finally contribute to the formation of dis-
location or dislocation densities. Besides, in Eq. (9), va is the back-
stress on the ath slip system. The kinematic evolution of back-
stress follows a pure nonlinear kinematic hardening rule of the
Armstrong-Frederick law [46]:
_va ¼ h _csa  hd _csa
 va ð18Þ
where h and hd are the direct hardening and dynamic recovery coef-
ficients, respectively. The investigated material is a typical 2xxx ser-
ies aluminum alloy (AA2024-T3), and the all estimated crystal
plasticity parameters given in Table 1 are obtained from Refs.
[42,47–50].
From the above constitutive law, the internal stress within
monocrystal is directly dependent on dislocation densities caused
by dislocation-slipping accumulation. Considering the different
resolved shear stress (sa) at different slip systems and the exis-
tence of multi-slipping, the deformation within monocrystal is
therefore heterogeneous and also a result of the activation of all
possible slip systems. This conforms the fourth strength theory of
Q. Zhao, M. Abdel Wahab, Y. Ling et al. Materials & Design 206 (2021) 109794materials mechanics (maximum distortion-energy theory), and
correspondingly von Mises stress (rm) is used in present simula-
tion to represent the stress value at any point of monocrystal. In
the present monocrystal modelling, the constitutive equation
between von Mises stress (rm) and total dislocation density
(qtotal) is used as [37,51]:






Therefore, it is also clear that von Mises stress (rm) is positively
correlated with total dislocation density.
For the bicrystal model, beside the constitutive law of
monocrystal, the interaction between two conterminous crystals
needs to be considered along GB. In other words, the corresponding
constitutive law at GB needs to be increased for bicrystal model.
Based on the method proposed by Kanjarla and Houtte et al.
[24,25], one ideal GB model is developed in the present simulation
to consider the coordinate deformation for GB and bicrystals. Com-
pared with Ref. [24,25], the present GB model adds the role of dis-
location, and is a dislocation-based constitutive GB model. The
algorithm about GB compatible deformation is described as fol-
lows. First, due to the inhomogeneous distribution for deformation
velocity and stress within each crystal, it is necessary to describe
the velocity and stress not over a given area but at a specific point
in the crystals. The velocity gradient tensor (L) and Cauchy stress
tensor (r) at any point can be defined by nine components. The
velocity gradient tensor (L) with nine components at GB coordinate
system is shown in Fig. 2a, and the coordinate direction of Cauchy
stress tensor (r) component is same with L. In GB coordinate sys-
tem, the direction along X1 is parallel with GB interface. The direc-
tion along X2 is perpendicular to GB interface, and the direction
along X3 is vertical to paper plane. Specifically in the form of tensor,
















We assume that grains are separated by planar GBs that are per-
fect, without damage and GB sliding. Also, no relative displacement
is allowed across the GB. The corresponding GB geometry charac-
teristic can be described by five macroscopic degrees of freedom
[52]. Three degrees of freedom define the relative misorientation
between crystal lattices of two neighbouring grains, described as
(UVW)/h relationship where (UVW) is the rotation axis and h is
the rotation angle. The other two degrees of freedom define the
GB planes, i.e., (HaKaLa) for grain a and (HbKbLb) for grain b. In
the present GB model, it is clear that these five degrees of freedom
((UVW)/h, (HaKaLa) and (HbKbLb)) are only determined by the miller
index or Euler angle of two grain a and b. Then, for guaranteeing GB
compatible deformation and at the same time the two grains coop-
eratively accommodate the deformation, the local velocity gradient
tensor (Lg) and the local stress tensor (rg) at GB constructed by
grain a and b need to satisfy the direct balance conditions:
Lij
g
agrain ¼ Lijgbgrain; i ¼ 1;2;3andj ¼ 1;3 ð21Þ
ri2gagrain ¼ ri2gbgrain; i ¼ 1;2;3 ð22Þ
In other words, the corresponding velocity gradient tensor com-
ponents need to be equal on the GB interface for grain a and b (in
the present case, they are 11, 13, 21, 23, 31 and 33 as presented in
Eq. (21)). Also, the corresponding stress components need to be
equal on the interface the two grains (these are 12, 22, and 32 as
presented in Eq. (22)). Besides, GB deformation needs to be indi-
rectly restricted by considering compatible grain interaction in6
bicrystal model because GB is the place where grain interaction
takes place. For realizing the compatible grain interaction in
bicrystal model, the shear strain rate ( _cs
a) in Eq. (9) for grain a
and b needs to satisfy the velocity compatibility condition [25]:
_cs
a ¼ Lij þ Lji
2Maij
ð23Þ
In which Maij are constants that for grain a and b are equal to
(nibj þ njbi)/2. n is the unit vector normal to the slip plane, and b
is the unit vector parallel with the slip direction. So, in this case,
combining with Eq. (12), the evolution of dislocation densities
( _qa) caused by ath slip system for the two grains can be further
expressed as:













It is clear that solving the Eqs. (23) and (24) will lead to the
restriction on GB shear strain rate by confining dislocation density
evolution in bicrystal model. Finally, in order to satisfy the Schmid
law for bicrystal model, the rate of plastic work (P	) taken in the





a  ¼ min ð25Þ
This also means that the shear strain rate ( _cs
a) and critical
resolved shear stress (sca) for these two grains should all be satis-
fied for extreme conditions. Combining with Eq. (12), Eq. (25) can











As we know, both parameters sca and q are functions of time or
strain. In order to satisfy the Schmid law, sca and q should be
restrained into certain values where the rate of plastic work is a
minimum value. As a result, solving the Eqs. (25) and (26) will also
lead to the corresponding restriction on GB plastic work rate by
confining q andsca in bicrystal model. It is worthy to note that
the von Mises stress (rm) at GB is still a function of total dislocation
density (qtotal). However, total dislocation density (qtotal) at GB can-
not be calculated according to Eq. (19). In this case, GB stress is not
only decided by the total dislocation density at each monocrystal,
but also dislocation-slip interaction behavior at GB. Actually in pre-
sent bicrystal modelling, the corresponding constitutive law
between von Mises stress (rm) and dislocation interaction is very
complex to define. However, by solving Eqs. (21)–(26), the qualita-
tive relationship between GB stress and dislocation-slip interaction
can be obtained. In the present work, the research purpose for
bicrystal modelling is to analyze the dependence of GB stress on
grain interaction related to Schimid factor and slip system
interactions.
The modelling details can be summarized by the flowchart pre-
sented in Fig. 4. The material model is first implemented in ABA-
QUS Explicit via the user subroutine UMAT connected to the
CPFEM FORTRAN code. The subroutine gathers the deformation
gradient tensors followed by the initialization of slip systems for
each integration point. Then, the resolved shear stresses (sa), shear
strain rates ( _cs
a), the evolution of dislocation densities ( _qa) and
deformation gradient components are calculated for each slip sys-
tem. For bicrystal model, the local stresses (rg) tensor and velocity
gradient tensor (Lg) balance equations need to be solved. And also,
the shear strain rate ( _cs
a) or the evolution of dislocation densities
Fig. 4. The flowchart of CPFE model.
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tions. In addition, the rate of plastic work (P	) is minimized, which
will also lead to the compatible optimization for the evolution of
dislocation densities ( _qa). It is worthy to note that during the cal-
culation process, once any resolved shear stress (sa) in the slip sys-
tem reaches its critical resolved shear stress (sca), the slip is
activated and the crystal begins to plastically deform by disloca-
tion slip on this system. As the displacement is increased, the
resolved shear stress may be reached on the sca of other slip sys-
tems and then these systems begin to be activated. As a result,
multiple slips probably occur simultaneously during the employ-
ing displacement process. The subroutine will recalculate the plas-
tic shear strain rates, dislocation densities evolution, deformation
gradients, and slip systems after the calculation loop finishes for
each time increment. Finally, when the total time reaches 1, the
modelling of CPFEM ends, and the stress data about crystals or at
GBs and pole figures by using Mtex software can be correspond-
ingly obtained.2.3. Calculation of Schmid factor (SF)
Considering the predominated role of SF in controlling the mag-
nitude of stress formation, the SFs are thereby calculated for
monocrystal and bicrystals models. In the simulation, the defini-
tion of grain orientation is given by Euler angle (u1;w;u2). Then
the Miller index (h)[u] of this grain can be obtained by rotation
matrix g that is written as [53]:7
g¼
cosu1cosu2 coswsinu1sinu2 coswcosu2sinu1  cosu1sinu2 sinu1sinw







Correspondingly for this g matrix, h and u can be, respectively,
expressed as:
h ¼ ðsinu1sinw cosu1sinwcoswÞ ð28Þ
u ¼ ðcosu1cosu2  coswsinu1sinu2cosu2sinu1
þ cosu1coswsinu2sinwsinu2Þ ð29Þ
After having the information of grain Miller index (h)[u], then
the SF (ka) for ath slip system of this grain can be expressed as [54]:
ka ¼ cos/a  coska ¼ s
a  fð Þ  na  fð Þ
saj j naj j f 2
  ð30Þ
where /a is the angle between force direction (f ) and the normal
direction of ath slip plane (na), and ka is the angle between force
direction (f ) and ath slip direction (sa). The value of a is equal to
1, 2, 3,. . ., 12. When the load direction is parallel with RD, f can be
expressed as f = u. When the load direction is parallel with TD, it
can be expressed as f=h  u. For bicrystals model, the SF for the
ath slip system of grain a and b can be written, respectively, as:
ka
a ¼ ðsa
a  f aÞ  ðnaa  f aÞ
saaj j  naaj j  f a2
  ð31Þ
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a ¼ ðsb
a  f bÞ  ðnba  f bÞ
sbaj j  nbaj j  f b2
  ð32Þ
where naa is the ath slip plane normal direction of grain a and saa is
the ath slip direction of grain a. nba is the ath slip plane normal direc-
tion of grain b and sba is the ath slip direction of grain b. f a and f b are
the force direction of grain a and b, respectively. When the load
direction is parallel with RD, it can be calculated as f a ¼ ua
andf b ¼ ub, respectively. When load direction is parallel with TD,
it can be calculated as f a ¼ ha  ua, and f b ¼ hb  ub, respectively.3. Results and discussions
3.1. Stress formation at monocrystal
In the present work, the formed stress within monocrystal is
obtained according to Eq. (19). Therefore, the relationship between
stress formation and dislocation density does not need to be dis-
cussed. As we understand, grain orientation effect on stress forma-
tion is essentially contributed to the difference in Schmid factor
(SF) connected with slip systems. Therefore, we focus on the rela-
tionship between stress formations within different orientations
and slip systems with different SFs. The simulated von Mises stress
of monocrystal along ND is found to be almost unchanged, so only
the stress distribution at RD-TD plane after deformation for differ-
ent grain orientations is shown in Fig. 5. It can be seen that the
stress distribution at Goss and Cube grains is symmetrical along
RD and TD. It means that the corresponding dislocation density
distribution has also same symmetry along RD and TD. Compara-
tively, the stress distribution at Copper only shows a good symme-
try along RD. For Brass and S grains, no stress symmetry along RD
or TD can be observed. This symmetry of grain orientation is also
revealed from crystal shape or orientation. As it can be seen, the
geometry shape of Goss and Cube is symmetrical at both RD and
TD direction, and Copper also shows stress symmetry only along
RD. Brass and S crystals fail to show any symmetry along RD or
TD. This strong symmetry leads to the formation of more equiva-
lent slip systems. As presented in Table 2 later, the equivalent slip
systems with the maximum SF for Cube and Goss are all 8. In pre-
sent work, the slip systems with equal maximum SF values areFig. 5. The von Mises stress distribution within monocrystal for Goss (a), Cube (b)
8
called as equivalent initial slip system (EISS). The EISS for Copper,
Brass and S is 6, 2 and 1 respectively. It is clear that the stronger
crystal geometrical symmetry or higher EISS number will be bene-
ficial for the more symmetrical stress distribution. Fig. 6 shows a
quantitative stress comparison for different orientations, where
the stress values are obtained along the red line in Fig. 1. There
is a large fluctuation of stress at the two sides of crystals after
the 3% displacement deformation, which is attributed to the effect
of boundary conditions. For the stress corresponding to the dis-
tance from 1 to 24 lm, there is almost no difference for Cube
and Goss crystals. Compared with Brass, Copper and S orientation,
Goss and Cube show a better ability in relieving stress concentra-
tion. Of Brass, Copper and S orientations, Copper shows the highest
value of stress (340.8 MPa in average) and Brass shows the lowest
one (251.0 MPa in average). The average stress value for S is in
between Brass and Copper. In addition, it is well known that the
stress formation is a dynamic process during deformation and is
strongly associated with dislocation dynamics [55]. In the light of
this, the relationship between average stress and nominal strain
(e) for these 5 orientations during deformation is shown in Fig. 7.
It is clear that stress evolution for all 5 orientations is similar and
consists of two stages, corresponding to elastic and plastic defor-
mations, respectively. For the elastic stage, the average stress of
crystals will gradually increase with increasing strain. When the
strain reaches a certain value that corresponds to monocrystal
yield point, crystals start to enter into the stage of plastic deforma-
tions, and the slope in stress increase with strain obviously
decreases compared with elastic stage. By comparing these 5 ori-
entations, the average stress of S crystal at any strain is always
the highest one. Although there is no obvious stress difference
for Brass and S crystals when the strain is smaller than 0.0034,
after that, S crystal always has higher stress formation than Brass
at same strain. Also as expected, the stress evolution of Goss and
Cube crystals is almost the same during deformation, and their
average stresses are always lower than Brass, Copper and S. From
the present results, it is clear that Goss and Cube have stronger
ability than Brass, Copper and S orientation in relieving stress
within their monocrystals, which is consistent with the conclu-
sions in Ref. [1].
The strong ability in relieving stress for Goss and Cube can also
be well explained based on the Schmid’s law. As we know, the Sch-, Brass (c), Copper (d), and S (e) grains after 3% deformation parallel with RD.
Table 2
The values of SF at 12 slip system of monocrystal for different orientation under RD loading.
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Fig. 6. The von Mises stress for different orientations along the red line in Fig. 1.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
Fig. 7. Evolution of average stress during deformation for different orientations.
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resolved shear stress (sa). If the SF value of one crystal is low, then
the sa of this crystal will also be low, making dislocation slipping
difficult, and vice versa. Table 2 shows the values of SF for different
orientations under RD loading. Firstly, it needs to be noted that
there are 12 slip systems at one crystal and thereby there will be
different SF values for different slip systems. Besides, if one SF is
negative, then this SF is equivalent to its opposite value. It can be
clearly seen from Table 2 that the maximum SF values of Goss
and Cube are same, i.e. 0.408, and both numbers of maximum SF
are also same, i.e. 8. Based on the application of Schmid law9
[56,57], the same SF values for these 8 slip systems signifies their
sa values are also equal, which means that these 8 initial slip sys-
tems have equal potential to be simultaneously activated. The
maximum SF value of Brass is also 0.408, but the number of EISS
is only 2. This low EISS number is the reason for inducing relatively
high stress at Brass crystal, as compared with Goss and Cube
monocrystals. For Copper crystal, we can note that even the num-
ber of EISS reaches 6, more than 5, but the maximum value of SF
value is only 0.272. Obviously, this low SF value is the main reason
for inducing relatively high stress at Copper crystal. For S crystal,
even though the maximum value of SF reaches 0.422, its number
is only 1. In essence, the magnitude of stress formation is mainly
dependent on not only the maximum value of SF, but also the num-
ber of participated initial slip system. Based on Ref. [11], the max-
imum and second maximum SF could provide a qualitative
comparison in evaluating stress magnitude. A large second maxi-
mum SF will also be beneficial for the formation of low stress.
For S crystal, the second maximum SF is only 0.335, below than
Goss and Cube grains (0.408), and meanwhile its corresponding
number is only 1. Even though we regard this second maximum
slip system as a potential EISS, then the total number of EISS is only
2, far less than Goss and Cube grains. Therefore, the small number
of EISS is a main reason contributing to high stress formation at S
crystal. From the above analysis, it is also clear that as compared
with Brass, Copper and S crystals, the larger SF value and higher
number of EISS for Goss and Cube crystals principally contribute
to the relatively low stress formation at Goss and Cube
monocrystals.
On the other hand, based on maximum shear stress reference,
we can put the values of SF for different slip systems on {111} pole
figures to give more details about grain rotation in a way of dislo-
cation slipping. Fig. 8 shows the simulated {111} pole figures of
different crystals before and after deformation. The blue hyperbo-
las represent the maximum shear stress direction, making an angle
of 45 with RD. Based on this reference, the maximum value of SF
and its number (in parenthesis) for corresponding slip systems are
shown in the pole figures. For Goss and Cube crystals, it can be
observed that the SF values of 8 slip systems are the same, indicat-
ing that these 8 slip systems have equal ability to be activated at
initial deformation stage. After deformation, the pole figures
become scattered, which is attributed to grain rotation caused by
dislocation slipping during deformation. Different from Cube grain,
where all 8 slip systems could rotate around normal direction
(ND), only 4 out of 8 slip systems in Goss grain could rotate around
ND during deformation. Nevertheless, there is no obvious differ-
ence for Goss and Cube stress distribution. It also indicates that
the change in grain rotation axes fail to have obvious influence
on the magnitude of stress. For the Brass grain, only two slip sys-
tems with 0.408 SF value could be activated at initial deformation.
This less EISS participation is the main reason responsible for rela-
tively high stress within Brass crystal as compared with Goss and
Cube. And it should also be noted that immobile slip systems with
Fig. 8. The {111} pole figures of specific orientations before and after deformation.
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This is because the 4 {111} planes of these slip systems obviously
rotate around ND during deformation. According to the simulation
results of Wang et al., [20], the developed crystal rotations would
change the resolved shear stress on slip systems and thus could
make the hard slip systems with small SF values to be activated
during deformation. This can also be confirmed by the In-situ EBSD
observation of Chen et al. [11], who found that the ‘‘hard” slip sys-
tem with SF value of 0 could gradually transform into relatively
‘‘soft” slip system during deformation. For Copper grain, although
there are 8 slip systems having equal ability to be activated at ini-
tial deformation, the maximum value of SF is very low (0.272).
Similarly, it can be observed that 3 immobile slip systems with
SF value of 0 can also be activated after deformation. For S crystal,
the initial activated slip system is only one, but other all slip sys-
tems can also be activated after deformation. Therefore, this con-
firms the assumption of present simulation that the 3%
deformation can guarantee the activation of 12 system slips for
all orientations. However, it should be realized that for the 3%
deformation in monocrystals, the slip contribution to strain from
lower SF is far less than that from the primary activated slip sys-
tems with maximum SF.
In order to further investigate the dependence of stress forma-
tion on SF and EISS, we change the load direction into parallel with
TD, and corresponding simulation results are shown in Fig. 9. We
can still observe that the stress distribution in Goss and Cube is
symmetrical along both RD and TD, and similarly the stress distri-
bution of Copper show symmetry only along RD direction. Brass
and S fail to show symmetry along RD or TD direction. As it can
be seen from Fig. 5, the crystal shape of Goss and Cube is symmet-
rical along both RD and TD directions, and that of Copper is sym-
metrical only along RD. Brass and S crystals fail to show any
symmetry along RD or TD. Therefore, this further confirms that
the crystal geometrical symmetry is positively correlated with
the stress distribution symmetry. Fig. 8f gives a quantitative com-
parison for stress value along crystal midline parallel with TD. Sim-
ilarly, due to the boundary condition effect, the great fluctuation of
stress at two sides can be also observed. Interestingly, Cube crystal
still shows the low stress, but comparatively the stress of Goss
obviously becomes larger, reaching 232 MPa in average. This aver-10age stress of Goss is even higher than S and Copper. Besides, among
the five orientations, Brass crystal produces the highest stress after
deformation. Obviously, the change of stress formation is related to
the change of SFs and EISS number when loading direction trans-
forms from RD to TD. The SF values under TD loading are given
in Table 3. Clearly, as compared with RD, the maximum value of
SF and corresponding number for Cube crystal are still unchanged.
However, for Goss grain, the number of EISS decreases to only 4,
which is half of that under RD loading. Comparing with Cube crys-
tal, this decrease in the number of maximum SF contributes to a
corresponding increased stress within Goss. It is interesting to note
that the maximum SF value and corresponding number of Brass
grain is equal to that of Copper in Table 2, where the loading direc-
tion is parallel with RD. As expected, the average stress
(340.8 MPa) of Brass under TD loading is almost equal to that of
Copper under RD. This high stress formation is mainly due to the
very low SF value (only 0.272). All in all, from the above simulation
results in RD and TD, it is clear that the maximum SF value and the
number of EISS play a predominated role in controlling the magni-
tude of internal stress within monocrystals.
3.2. Stress formation at bicrystal
In order to investigate stress formation in bicrystal model and
how one crystal interacts with another, the stress simulation
results for different grain boundary (GB) types are obtained.
Fig. 10 shows the von Mises stress formation between Brass and
other oriented grains at 3% strain when the loading direction is
parallel with RD. Interestingly, there is no stress formation to be
observed for the GBs between Goss and Brass or Cube and Brass
grains. However, for other GBs between Brass and random grains,
the obvious stress concentration at boundary is formed. This
means that Cube and Goss grains are more favorable for reveling
stress concentration at Goss-Brass and Cube-Brass GBs than other
random GBs. Similar GB stress formation phenomena are also
found when loading direction changes into parallel with TD (refer
to the results of Fig. A1 in Appendix). In addition, Fig. 11 shows the
relationship between GB stress and nominal strain (e) for different
bicrystals (take Goss-Brass, Cube-Brass, Grain 3-Brass, Grain 6-
Brass, Grain 8-Brass and Grain10-Brass, as instances). It is clear
Fig. 9. The von Mises stress distribution for Goss (a), Cube (b), Brass (c), Copper (d) and S (e) after 3% deformation parallel with TD, and quantitative stress value (f) along
crystal midline parallel with TD.
Table 3
The values of SF at 12 slip system of monocrystal for different orientation under TD loading.
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sisted by two stages, corresponding to elastic and plastic deforma-
tions, respectively. For the elastic stage, the GB stress will gradually
increase with increasing strain. When the strain reaches a certain
value that corresponds to bicrystal yield point, bicrystals start to
enter into the stage of plastic deformation, and the slope in GB
stress increase with strain obviously decreases compared with
elastic stage. By comparing GB stress for these bicrystals, the evo-
lution of Goss-Brass and Cube-Brass GB stress is almost same dur-
ing whole deformation, and their average GB stresses are always
lower than other bicrystals (Grain 3-Brass, Grain 6-Brass, Grain
8-Brass, Grain 10-Brass). This further reveals that Cube and Goss
grains are more favorable for reveling stress concentration at
Goss-Brass and Cube-Brass GBs than other random GBs. Fig. 12
shows the GB stress formation between Copper and other oriented
grains at 3% strain parallel with RD. In this case, we can observe
that for all GBs obvious stress concentration exists, even for
Goss-Copper and Cube-Copper boundaries. Fig. 13 shows the GB
stress formation between S and other oriented grains at 3% strain11parallel with RD. It is found that the stress concentration still exists
at random grain participated GBs and even for Goss-S GB. How-
ever, for Cube-S GB, it is interesting to note that stress concentra-
tion at half of GB disappears. Compared with Goss grain, the
disappearance of half GB stress concentration at Cube-S GB indi-
cates that Cube has slightly stronger compatibility with S grain.
The quantitative stress comparisons at 3% strain for different GBs
are shown in Fig. 14. Clearly, for Brass-Goss and Brass-Cube, almost
no stress concentration is formed at GBs and large stress concen-
tration is found at Brass-random GBs. For Copper and S partici-
pated GBs, we can observe that the stress concentration exists at
all GBs, even for Goss or Cube participated GBs. However, as com-
pared with random grains, the stress formed at Goss or Cube GBs is
obviously low. Therefore, it is concluded that Cube and Goss grains
are more favorable for relieving stress concentration at GB than
random grains. On top of that, another interesting observation is
that despite the almost same monocrystal stress for Goss and Cube,
Cube grain is relatively more favorable than Goss grain for reveling
stress concentration at Copper and S participated GBs (Fig. 14c and
Fig. 10. The von Mises stress formation of GB between Brass and other oriented grains after 3% deformation parallel with RD.
Fig. 11. Evolution of GB stress during deformation for different bicrystals.
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deformed grains is slightly stronger than that of Goss grains. The
present simulation result also provides an answer to the question
why Cube texture is regarded as the best component for improving
fatigue crack propagation resistance as reported in Ref. [58].
The low stress concentration at Cube or Goss participated GB
leads us to reflect the correlation between the stress formed at
GB and the stress formation in original monocrystal model. First
in order to make a distinction between monocrystal and bicrystal
terminology, the monocrystal is the terminology only used for
original monocrystal model. Each crystal in bicrystal model is
called as grain or crystal, rather than monocrystal. As we know,
when loading direction is parallel with RD, the stress formed in
Copper monocrystal is higher than that in S, and compared with
S and Copper, the stress formed in Brass is the lowest (Fig. 5). Com-
bining the results in Figs. 10, 12 and 13, it is indicated that the12higher the stress formed in original monocrystal, the higher the
stress formed in corresponding GB is. When the stress formed in
a monocrystal is low, such as in case of Brass grain, then Goss
and Cube grains have a good ability in relieving GB stress concen-
tration with Brass (Fig. 10). When the stress formed in monocrystal
is high, such as in case of Copper grain, Goss and Cube grains fail to
effectively relieve stress concentration at GB (Fig. 12). This indi-
cates that the high stress formed at each grain of bicrystal can
transmit into GB, thereby contributing to a corresponding high
stress at GB. Fig. 15 shows the change of simulated {111} pole fig-
ures for Goss-participated or Cube-participated bicrystals before
and after deformation. Clearly after deformation, the {111} planes
of Goss grain in Goss-Copper combination is more scattered than
that in Goss-Brass and Cube-S bicrystals. In essence, the scattered
degree of {111} planes is the reflection of dislocation slipping or
grain rotation. The more scattered degree of Goss grain in Goss-
Copper means that Goss needs larger dislocation slipping degree
to relieve stress concentration than Goss-Brass and Goss-S combi-
nations. As we know, the stress formed at Copper monocrystal is
higher than Brass and S. This also indicates that when the stress
formed at each grain of bicrystal is high, it can be transmitted into
GB or another grain. This makes another grain in bicrystals needing
larger degree of dislocation slipping to relieve this high stress or
stress concentration. Besides, it is noted that the {111} planes of
Cube in Cube-Brass and Cube-S bicrystals rotate around ND during
deformation. However, the rotation axis in Cube grain of Cube-
Copper combination not only includes ND, but also other axial
directions, which indicates that the deformation of Cube grain is
relatively more complex in Cube-Copper combination. This further
confirms that when the stress formed at one grain of bicrystal is
high, another grain will need more complex dislocation slipping
behavior to relieve this high stress or stress concentration trans-
mitted from its coterminous grain. Correspondingly, this complex
dislocation slipping behavior also will lead to high stress or stress
concentration at GB. However, this law is only satisfied for the
Fig. 12. The von Mises stress formation of GB between Copper and other oriented grains after 3% deformation parallel with RD.
Fig. 13. The von Mises stress formation of GB between S and other oriented grains after 3% deformation parallel with RD.
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or Cube and deformed components, and is not satisfied to the com-
binations for random and deformed components. This can be con-
firmed by the simulation results in Fig. 16.13Fig. 16 shows the {111} pole figures of bicrystals between
deformed orientations (Brass, Copper and S) and random orienta-
tions after 3% deformation under loading direction parallel with
RD. The average stress in original monocrystal 6, 5 and 4 is calcu-
Fig. 14. The von Mises stress formation at Brass-participated (a and b), Copper-participated (c and d), and S-participated GBs (e and f).
Fig. 15. The {111} pole figures of bicrystals between deformed orientations and Goss or Cube orientation before and after deformation under loading parallel with RD.
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pared with grains 6 and 4, the higher stress within crystal 5 causes
dislocation slipping or grain rotation in a larger degree when this
grain gets interacted with these deformed grains of Brass, Copper
or S. Theoretically, grain 5 will induce larger GB stress than grains
6 and 4. However, the GB stress for Grain 6-Brass, Grain 5-Brass,
and Grain 4-Brass is 277.5, 243.5, 263.8 MPa, respectively. The high
average stress in crystal 5 contrarily causes a relatively low stress
concentration at GB. The GB stress for Grain 6-Copper, Grain 5-
Copper, and Grain 4-Copper is 271.4, 298.7, 323.2 MPa, respec-
tively. In this case, Grain 4 with the moderate average stress in
monocrystal causes a very high stress concentration at GB. Simi-
larly, this uncertain correlation is also found when the loading
direction changes into parallel with TD (refer to the results of
Fig. A2 in Appendix). Therefore, this leads us to suggest that the
dislocation slip degree fails to have certain correlation with GB14stress formation for the bicrystal types between random and
deformed orientations. This also suggests that the stress formed
at GB fails to have a certain correlation with dislocation density
or internal stress of each monocrystal at bicrystal type, which is
different from the mechanism of monocrystal stress formation.
Another interesting phenomenon needs to be noted is that the
stress formed with Goss and Cube crystals is not the lowest in
the bicrystal model (Fig. 14). Some random grains have lower
stress within grain than Cube and Goss, such as grains 1 and 6.
To the best of our knowledge, the stress distribution has comple-
mentary feature [59]. In other words, the low stress formed within
crystal may be a result of stress relaxation at internal crystal due to
forming high stress concentration at GB. Therefore, it raises a ques-
tion whether this small stress within some random grain is caused
by high stress concentration at GB or caused by their self-
orientation feature. In order to answer this question, the simulated
Fig. 16. The {111} pole figures of bicrystals between deformed orientations and random orientations after deformation under loading parallel with RD.
Fig. 17. The von Mises stress for random orientations along crystal midline parallel
with RD.
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obtained, and the corresponding stress values along their crystal
midlines are shown in Fig. 17. It can be observed that the average
stress of grains 5 and 8 is obviously higher than Goss (203.5 MPa)
and Cube (204.2 MPa) grains. The average stress of grain 4 is very
close to Goss and Cube grains. Interestingly, the average stress of
grains 1, 3 and 6 is lower than that of Goss and Cube. Clearly, this
small stress within some random grains 1, 3 and 6 is not caused by
high stress concentration at GB, but mainly by their self-
orientation feature or self-SF characteristic. This further reveals
that for monocrystal modelling, Goss and Cube are not the best ori-
entations for relieving internal stress concentration. However, it
should be noted that even though the average stress within grains
1, 3 and 6 is lower than Goss and Cube, the corresponding GB stres-
ses caused by these orientations are higher than those caused by
Goss and Cube (Fig. 14). The high stress formation at GBs caused
by grains 1, 3 and 6 with low stress within crystals indicates that
GB stress is not only dependent on self-grain stress character,
but also on the compatibility between neighboring grains. This also
further implies that Goss and Cube grains should have better com-
patibility with deformed grains than random grains.15
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From the above numerical results, it is clear that the stress for-
mation at grain boundary (GB) is very complex. The magnitude of
stress must be affected by the compatibility between two neigh-
boring grains. Actually, Luster et al. [6] first proposed the geomet-
ric compatibility factor (GCF) to describe the compatible ability
among grains in Ti-Al alloys. Specifically, for two adjacent grains
with a slip system pair, the GCF can be expressed as the magnitude
of cosk cos/. Where k is the angle between the two slip direc-
tions for this system pair, and / is the angle between the two slip
plane normals. For hexagonal close-packed (HCP) Ti-Al alloys,
there are 3  3 = 9 possible slip system pairs; for face-centered
Cubic (FCC) structure, there are 12  12 = 144 possible slip system
pairs. It is regarded that of all slip system pairs, the slip system pair
with the highest GCF would be easiest to be active. Therefore, in
present work, we use the maximum geometric compatibility factor
(mab) to represent the compatible ability between two contermi-
nous grains a and b, and it can be expressed as:
mab ¼ maxðcosk cos/Þ ð33Þ
Recently, Sun et al. [7] further put forward one comprehensive
factor (Mk) combining the maximum Schmid factor product (SFab)
and mab in magnesium alloys, which is expressed as:
Mk ¼ maxðkaÞ mab maxðkbÞ ð34Þ
where maxðkaÞ and maxðkbÞ represent the maximum Schmid factor
(SF) values of slip system corresponding to grains a and b, respec-
tively. It is suggested that the higher the Mk, the stronger the defor-
mation compatibility between two conterminous grains is.
However, the above Eqs. (33) and (34) are proposed for titanium
and magnesium alloys. The crystal structure of titanium and mag-
nesium alloys is hexagonal close-packed (HCP). Compared with
2024 aluminum alloys with face-centered Cubic (FCC) structure,
the slip system in HCP alloys is only one fourth of aluminum alloys.
Therefore, it also indicates that the compatible deformation behav-
ior in aluminum alloys is different from titanium or magnesium
alloys. It is further analyzed in the present work that whether the
two factors proposed in Eqs. (33) and (34) are also suitable for
describing the deformation character or stress formation at GB.
Besides, we use Pearson correlation coefficient (r) to quantify the
strength of correlation between SFab,mab, Mk and GB stress, which
can be expressed as [60]:
r ¼
Pn





i¼1 Xi  X
 2r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 Yi  Y
 2r ð35Þ
where X equals to SFab,mab or Mk, and Y equals to the boundary
stress. The Pearson correlation coefficient is a measurement of lin-
ear correlation between two variables X and Y. It has a value in the
range from 1 to +1, where 1 is for ‘total negative linear correla-
tion’, +1 is for ‘total positive linear correlation’, and 0 is ‘no linear
correlation’. The dependence between stress formation and
SFab,mab or Mk, and the corresponding Pearson correlation coeffi-
cients are shown in Fig. 18. First, it is observed that in any cases,
the Pearson correlation coefficient (r) forMk is almost always higher
than mab, indicating that Mk shows higher dependence than mab on
GB stress. As a result, Mk is more accurate factor for describing the
compatible deformation ability than mab. Besides, it is found that
the dependence between stress formation and SFab,mab or Mk
changes for different GBs. When the loading direction is parallel
to RD, SFab shows a higher dependence than mab or Mk with bound-
ary stress for Brass participated GBs (Fig. 18a-c). In this case, the
Pearson correlation coefficient (r) for SFab reaches 0.761. However,
when the loading direction is parallel to TD, Mk shows a higher16dependence than SFab or mab on GB stress (Fig. 18d-f). Interestingly
for Copper participated boundary, the r forMk is very high, reaching
0.794 (Fig. 18i). However, for S participated boundaries, the corre-
sponding r forMk is almost close to 0, indicating Mk is almost no lin-
ear correlation with boundary stress (Fig. 18l). Instead, a relatively
good dependence (r = 0.348) between SFab and boundary stress is
found (Fig. 18k). From the results, it is clear that the strong correla-
tion betweenMk and GB stress in HCP crystals is not always suitable
in AA2024 alloy with FCC structure, which is consistent with the
experimental results in Ref. [61]. In HCP crystals, the number of slip
system is 3, and the activated slip system is only 1 during deforma-
tion. In this case, the cross slipping is difficult to occur. However, in
FCC structure, the number of slip system reaches 12, and much
cross slipping can occur especially when the equivalent initial slip
system (EISS) is higher than 1. Therefore, it is suggested that the dif-
ferent dislocation slip mechanisms between FCC and HCP crystals
lead to the inapplicability of dependence relation between Mk and
GB stress for FCC crystal. As we understand,Mk is the corresponding
largest value among all slip system pairs. At HCP crystals, it is rea-
sonable to use Mk to represent overall deformation behavior
because the activated slip system is only 1. However, in FCC crystal
structure, Mk cannot always reasonably represent the overall defor-
mation behavior at GB. For example, for S GBs, the EISS is only 1 (see
Table 2), but other slip systems with lower SF values can also be
activated (Fig. 8), which will make these slip systems also inter-
acted with neighboring grains during deformation. Obviously in this
case, Mk cannot reasonably represent the overall interaction behav-
ior of slip system pairs at GB. As a result, the r for Mk is almost close
to 0 (Fig. 18l), indicating no linear correlation between Mk and GB
stress. With the increase in the number of EISS, Mk can be gradually
reasonable to represent the interaction behavior for slip system
pairs at two coterminous grains. As it can be seen in Fig. 18a-c,
the EISS for Brass grain increases to 2, the r for Mk increases to
0.399. When the EISS for Brass grain reaches 6 by changing loading
direction into parallel TD, the r forMk increases to 0.504 (Fig. 18d-f).
Similarly, a large r (0.794) forMk is also observed for Copper grain in
which the EISS is 6 (Fig. 18g-i). Therefore, it is clear that the com-
prehensive factor (Mk) shows the improved dependence with GB
stress when the number of EISS is increased. This also leads us to
suggest that GB interaction behavior is controlled by more than
one geometric compatibility factor (GCF) or slip system pair, and
it is necessary in FCC crystals to consider other GCFs effect caused
by other activated slip systems. Based on von Mises Criterion, it is
known in FCC crystals that 5 out of 12 independent slip systems
are needed to guarantee compatible deformation at GBs [62,63].
As a result, each 5 independent slip systems in two coterminous
grains will also form 25 different slip pairs or 5 GCFs (one indepen-
dent slip system produces one GCF). However, it should be noted
that these 5 independent slip systems are not only confined to
the slip systems with 5 largest SF values, but any 5 slip systems
out of 12. So, it will produce 12  12 = 144 possible slip pairs or
12 GCFs between two coterminous grains. But, only 5 of 12 GCFs
are actually activated during GB interaction behavior. In light of
this, a modified quantitative correlation between GB stress and a
new comprehensive factor (Mk
0
) is further proposed for more accu-
rately describing GB interaction behavior of AA 2024 FCC crystal.
After considering the contribution from 5 independent slip systems
at GB interaction, the new geometric compatibility factor (mab
0 )







where mabi represents the ith maximum GCF out of all 12 GCFs
between grains a and b. Besides, in any case we can observe that
SFab always show a positive linear correlation with boundary stress
Fig. 18. The dependence between GB stress and maximum SF product (SFab), geometry compatibility factor (mab) or the factor (Mk) combining SFab with mab . The loading
direction is parallel to RD for a-c and g-l, and the loading direction is parallel to TD for d-f.
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the formation of high GB stress. It is worthy to realize that although
all slip systems are activated in 3% deformation in the present work,
those slip systems with large SF values still play a predominated
role in affecting GB stress formation. Therefore, considering the
dominated role played by maximum SF values, the SF product
doesn’t need to be changed with its old one (SFab). Actually, if we
use the average value of the 5 maximum SFs, it is found that the
averaged 5 maximum SF values will reduce the role played by the
maximum SF value. As a result, the accuracy in describing GB inter-
action behavior of AA 2024 FCC crystal will be decreased. As a
result, the old SFab will still be used for the present FCC crystal.
Then, the new comprehensive factor (Mk
0
) is the product of SFab
and mab
0 , and can be written as:17Mk





where mabi represents the ith maximum geometric compatibility
factor between grains a and b. maxðkaÞ and maxðkbÞ represent the
maximum SF values of slip system corresponding to grains a and
b, respectively. The dependence between GB stress formation and
Mk
0
, and the corresponding Pearson correlation coefficients are
shown in Fig. 19. It is clear that after considering the contribution
from 5 independent slip systems, the Pearson correlation coefficient
(r) increases and reaches a relatively large value. The r values in
Fig. 19a-c are very close to 1, which means that the stress at GB sat-
isfies an almost total positive linear correlation with this new com-
prehensive factor (Mk
0
). Although, the r value in Fig. 19d is relatively
Fig. 19. The dependence analyses between GB stress and the new comprehensive factor (Mk
0
), a and b are Brass boundary, and c and d are Copper and S boundaries,
respectively.
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the original r value is close to 0 (Fig. 18l). From the above analyses,
it is clear that the proposed new comprehensive factor (Mk
0
) consid-
ering the contribution from 5 to independent slip system criterion
effectively improves its dependence with the GB stress formation.
4. Conclusion
We investigated stress formation of monocrystal and bicrystals
in specific oriented grains or grain boundaries of AA2024 alloy by
the use of orientation component Crystal Plasticity Finite Element
Method. The main conclusions are:
(1) The maximum SF value and the number of EISS play a main
role in controlling the magnitude of internal stress at
monocrystals. When loading direction is parallel with RD,
as comparison with Brass, Copper and S monocrystals, the
larger SF value and higher number of EISS for Goss and Cube
crystals principally contributes to the relatively lower stress
formation within their monocrystals.
(2) There is no positive relation between the stress formed
within monocrystal and the corresponding induced GB
stress at bicrystal model. Compared with random grains,
Goss and Cube grains are not the best ones for relieving
stress concentration caused by their orientation feature,
but they are the best two ones for relieving GB stress con-
centration at bicrystal model.
(3) The dependence law between GB stress and the comprehen-
sive factor (Mk) as proposed in HCP crystal is not always
suitable for FCC AA2024 alloy. Comparatively with old com-
prehensive factor (Mk), the new comprehensive factor (Mk
0
)
18merging the contribution from 5 to independent slip system
criterion shows an improved positive linear correlation with
GB stress.
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Fig. A1 shows the GB stress formation for Brass participated
bicrystal model and quantitative comparison for different GB stress
when the loading direction is parallel to TD. We can see that there
is no obvious stress concentration at Goss-Brass boundary. How-
ever, slight stress concentration is observed at Cube-Brass bound-
ary. Nevertheless, the stress at Cube-Brass boundary is still lower
than that at Goss-Brass boundary. On top of that, it is observed that
as compared with random-Brass boundaries, Goss and Cube still
have stronger ability in relieving GB stress concentration. Fig. A2
provides the data about the effect of stress formed by original
monocrystal on dislocation slipping degree under loading with
Fig. A1. The stress formation (a-l) of GBs between Brass and other oriented grains under loading parallel with TD and quantitative comparison (m and n) for different GB
stress.
Fig. A2. The {111} pole figures of bicrystals between Brass and random orientations under loading parallel with TD.
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seen that for random grain, with the decrease of self-stress within
original monocrystal, the scattering degree for {111} planes of
Brass gradually decreases. This indicates that when the stress
formed at one grain of bicrystal is high, larger degree in dislocation
slipping behavior for another conterminous grain is needed to
relieve stress or stress concentration. However, this law is not suit-
able for Goss and Cube grain, which is essentially attributed to the
different symmetry feature among Goss, Cube and other random
orientations. Also, for random grain, this large degree in dislocation
slipping does not necessarily lead to high stress concentration at
GB. For example, the stress with crystal 8 is 279.9 MPa that is
higher than that in crystal 5 (266.4 MPa). However, the stress at
Grain 8-Brass boundary is 335.8 MPa that is lower than the stress
(372.3 MPa) at Grain 5-Brass boundary. It also further confirms
that the stress formed at original monocrystal fails to have positive
relation with the stress at corresponding GB. That is to say, there is
no strict correlation between dislocation slipping degree and GB
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